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I. INTRODUCTION

A. BACKGROUND

The decisicn t¢ repair or replace an item of egquipment
when it has failed or is mzlfunctioning has received much
attention over the years by the Military Services, the Office
of the Assistant Secretary of Defense {I&L!}! and other govern-
ment zgencies. Uniform criteria have been established by DoD
Insiructions for certain commercial type equipments such as

materials handling equipment znd mctor vehicles in adminis-

trative use. Government-wide policy prevails in certain areas

such as office equipment. Each of the Military Services or
commodity managers within the Services has issued guidelines

or established certain criteria for repair-replace decisions.

There are at least 2 DoD Directives, 4 DoD Instructions,
18 2rmy Regulations and assorted documents, 6 Navy Documents,
2 Marine Corps Orders, 4 Air Force Regulations and Orders.
and 3 DSA Regulations that sddress the subject in one way or
another.1 The trend has been to achicve a greater degree of
uniformity within and among the Military Services in the
decision-making process affecting the repair vs. replacement

of certain equipment.

1 . At
These documents ware identified dy an "Ad Hoc Group on

Repair Expenditure Limits" established on 25 July 1966 by the
Equipment Maintenance and Readiness Council of the Department
of Defense. These documents ars listed by number, title, and
date in Appendix E of the Ad Hoc Group's report submitted on
21 June 1967 and for the convenience of the reader are repro-
duced in the same format in Zppzndix I of this report.

Forimichina
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The Lcgistics Management Instityte has also addressed
the subject of repair vs. replacemcnt~of eguipment, but from
a more fundamental point of view. The IMI study 1 emphasized
the repair vs. discard decision at five stages during the
equipment life cyvcle, including the development of cesign
specifications, actual design, initial provisioning, design
review, and time of egquipment failure. The first four stages
consider the decision to either normally repair a given type
of eguipment or to discard it at time of failure. The last
stage presumes that the eguipment has been designed and
designated as a repsrable item and considers the economics
of repair vs. replacement with respect to an individual case.
It is this latter decision process with which this task is
concerned. While the earlier IMI study considered all five
stages, emphasis was placed on the benefits of making a

correct rerair/discard decision during the earlier stages

YT

of the equipment life cycle.

During the earlier IMI studv, a larce number of previously
completed studies related to the subject were examined and the
more significant ones are identified in the report. Those

studies were rerformed by various military and contractor organ-

ey

izations during the past five to ten years. 2All of the studies
examined dealt with one or more facets of the repair/éiscard

4 subject, although they did not all deal directly with th2 repair
or replace decision. Most of the studies examined prcposed
mathematical decision models which appeared tc e sound for the
] specific application “or which they were developed. IMI could

not recommend any of the decision models, however, as suitable

*1MT Task 65-15, "Criteria for Repair vs. Discard Decisions,”
May 1966.
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for general application because of one or more of the following

reasons:

(1) Scope of application too restricted.
(2) Cost factors too detailed or not coapatible
with current cost accounting practices.
(3) Decision nodels too comprlex maXing them Gifficuit
or costly to apply.

Despite the vast amount of research which has been Girected
towaré the subject and notwithstanding the uniformity in certain
areas which has been achieveéd throuch DoD angé =ilitary policy
guidance, there still appears to be a certain illusiveness in
the repair vs. replace decision-making process. In May 19656
the Subcomnittee on Foreign Aic Expenditures of the Senate
Cozmittce on Government Operations pointed ocut that wvariations
still appeared to exist among the Military Services in criteria
for repair versus replace decisions and questioned whether DoD

policy in this area was adeguate.

ot

Prompted by the Senate Subcozmittee hearings, the Assistan
Secretary of Defense {(I&L) in May 1955 recuested the Depuily

Assistant Secretary of Defense {Zguipment M¥aintenance 2nd Readi-

ness) to prepare for his approval a Work Plan for reviewing

W b ATETAE

repair expenditure limits among the Military Services ic deter-
mine if iivrther uniformity was feasible. The Work Pian was

1§ submitted to the Assistant Secrecary of Defense (I&L)

Yol
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on 13 June 1966. The Work Plan definec the repair vs. replace

vt

decision process as one which Jepended initialiy on the compari-

Ky

4 son cf two factors—-—thes “repair expenditure 1linit®™ and the "cost

to repair™. Thus, the Worx Plan prcposed two tasxs: 1) ZEstzb-
lish uniform criteria for estimating the “cost to regair®

consistent with cost accounting instru~tions issued under 20D

La'




Instruction 7220.14; anc 2) review rep2ir expenditure 1linmits

v
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e expectancies for various types of eguipment within

the Services to determine the feasibility for greater uniformity.

The fAork Plan subseguently proposed that Task 1 e accom—

plished by the Directorate of Mzintenance Policy with coordina-

ticn by the Military Services, and that Task Z bz accomplished

- -

ce ad hoc coomitiee uvnder the cuidance of the

poe

Ty an inter-serv

d‘ -
Eguipzent Mzintenance anc¢ Readiness Council.

The ®ork Plan was approvel by the assistant Secretary of

established for the follogwinc purpose: *“To review current egeip-

z=ent repair expenciture 1imit policies angé crifteria amomg the

Miijtary Services and IS3 to Cetermine i1f further uniformity

- -

is feasible in the area of ccomercial desigcrn support-type

In ordéar to describe the objectives of this IMI task in
oroper perspective, it is usefnl to summarize briefiy the find-
ings, nclusaicns and recoom=ncations of the ad Eor &roup.
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.c) Prescribes the uses of repair expenditure limits.

The military departments and DSA have published re-
pair expenditure limits covering a wide range of
equipments. The stated objective of these repair

expenditure limits are similar in all cases.

Significant differences exist among the military
departments and DSA in the methodology, including
definitions cf terms, used to establish and apply

repair expenditure limits.

Repair versus replace decisions under curxent guidance
vary significantly among military departments for the

same or similar equipment in comparable condition."

Major Conclusions of the Ad Hoc Group

“1.

The differences found among the military departments
in the application and use of repair expenditure

limits result from a lack of general policy guidance.

Further uniformity is feasible under currert organi-

zations and maintenance concepts in the area of:

(a) General policy as to the purpose and use of
repair expenditure limits.
(b) The methodology for development and application

of repair expenditure limits.

Complete uniformity of results is not feasible now,
and perhaps never will be, due to different uses,
environment, and densitv of equipments among the
military departments and DSA. By use of a common
methodology, however, it can be expected that like

equipment, used in a similar environment, in two or

} {ZEC R




more services will have comparable repair versus

replace decisions applied.

4. Additional uniformity could probably be achieved,
however, under different equipment support concepts,

e.g.,

Use of stardard commercial equipment at posts,
camps and stations with common repair criteria

and expenditure limits."

Recommendations by the Ad Hoc Group

"1. Publish a DoD Instruction defining repair expenditure
limits, their purpose and use, and prescribing broad

guidance for their development and application.

2. Initiate a task for development of a common methodology
for the establishment and appiication of specific

repair expenditure limits."

The Ad Hoc Group report containing the above findings,
conclusions and recommendations was submitted to the Equipment
Maintenance and Readiness Council on 21 June 1967. The Council
concurred with the recommendations of the Ad Hoc Group report
and subsequently recommended that the Assistant Secretary of
Defense (I&L) request the Logistics Management Institute to
undertake the task of developing a common methodologv for the
establishment and application of specific repair expenditure

limits. This task was assign:d to LMI on 24 October 1967.

B. OBJECTIVES AND SCOPE OF THE TASK

The overall objective as stated in the Task Orderl is

. « . to develop a common methodology for the establishment

1 . . . . .
A copy of tne LMI Task, 68-6, "Guidelines for Making Repair
Expenditure Decisions," ic included in the repcrt as Exhibit A.




and application of Repair Expenditure Limits which can be used
throughout the Department of Defense in making repair versus

replace decisions."

To achieve this objective, IMI was requested to assemble
the data necessary to develop the relationship between the
equipment acquisition price, life expectancy,l age, and other
factors relevant to the repair versus replace decision; develop
guidelines 10r establishing the economic repair limit for an
item or class of material based on these factors; and develop
a logic sequence for use by item managers in establishing
repair expenditure limits using the econcmic repair limit as
a base. In addition IMI was asked to consider the need for a
follow-on task to prepare a handbook for item manaygyers to Ges-

cribe the decision logic segquence.

The objectives cof the LMI task and the suusequent approach
proposed by IMI irn this report are responsive to certain general
guidelines provided in the Ad Hoc Group charter regarding the
purpose, basis, and use of repair expenditure limits. These

guidelines are:

Purpose of Repair Expenditure Limits

1. The objective in establishing equipment repair expen-
diture limits is to prevent unwarranted expenditures

in the repair of equipment.

2. Repair expenditure limits should be set at or near the

lThe term "equipment life expectancy"” has no standard
definition which is universally accepted. The Ad Hoc Group on
Repair Expenditure Limits proposed the following definiticn:
"Life expectancy of an item is the planned average of the ages
of the individual items of materiel at the time they prcbably
will be r2tired from the service." LMI uses this definition of
life expectancy with some gualification. See Section D, Chapter
III of this report.

e e e e e Ty e



YT VT

critical point where the remaining value of expected
performance would be exceeded by further investment

in repair cost.

Basis of Repair Expenditure Limits

3. The repair expenditure limit is a quantitative ex-

pression of the value of the estimated remaining useful

1ife of the equipment at & peint in time based on
life expectancy, repl:zcement cost, and other relevant
factors, such as anticipated obsolescence and stan-

dardization.

The decision to repair should be based on the result-
ing remaining expected performance of the equipment
in comparison with acceptable alternatives such as

replacement.

5. Individual costs incurred in the past or accumulated

repair costs are not a factor for consideration in

the decision to repair.

a standard inventory price will be used which is the
average unit investment in the eguipment including

first destination transportation.

Use of Repair Expenditure Limits

7. The use of repair expenditure limits will cause an

evaluation and decision in each case where a repair

action is needed, before proceeding with repairs.

1The standard inventorv price is defined on Page 10 as
prop»sed by the Ad Hoc Group on repair expenditure limits.

Since replacement cost cannot be accurately determined,
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8. Where the estimated cost to repair is less than the
repair expenditure limit, repair is normally author-

ized unless other specific guidance is provided.

9. Where the estimated cost to repair is more than the
repair expenditure limit, the facts must be referred
to the appropriate inventory manager for a decision
based on total kncwledge of reguirements, asset posi-

tion, replacement availability and other factors.

10. An estimated cost to repair in excess of the repair
expenditure limits will not, of itself, constitute
authorization to discard or to otherwise dispose of

equipment.

C. STUDY APPROACH

It was recognized at the outset of the task that the normal
life expectancy of an item of equipment should itself be deter-
mined primarily on the basis of an economic analysis with due
consideration given to equipment obsolescence. The Ad Hoc Group
report indicated that no common methodology was currently fel-
lowed by the Military Services in determining equipment life
expectancy. The objectives of the task include the development
of a methodology for establishing the economic repair limit
based on, among other things, the equipment life expectancy.
Therefore, LMI considered it necessary tc develop a methodology
for establishing equipment life expectancy as well as a method-

ology for establishking the economic repair limit.
The task was pursued in five principal steps as follows:

(1) Identification of economic factors and allied
considerations affecting repair versus replace

decisions.

——_———
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(2)

(3)

(4)

(5)

10

Examination of equipment cost versus use rela-

tionships including the analysis of sample data.

Development of a methodology for establishing
equipment life expectancy based on various cost/

use relationships.

Development of a methodology for establishing
economic repair limits based on equipment life

expectancy and various cost/use relationships.

Development of a proposed decision logic network
for use by item managers in establishing repair

expenditure limits.

The results of our analysis are presented in Section III

cf this report.

The decision logic network is presented in the

report before the proposed methodologies for establishing equip-

ment life expectancy and economic repair limits in order to

provide the reader with an initial overview of the intended

application of such factors.
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II1. CONCLUSIONS AND RECOMMENDATION

A. CONCLUSIONS

This task called for the developmant of a common method-

ology for the establishment and application of repair expenditure

limits based on a conclusion by the Ad Hoc Group on Repair Expsn—

diture Limits that further unifcrmity in this area amcng the
Military Services is feasible and desirable. The task order
explicitly required that repair expenditure limits be based on
economic repair limits and that the economic repair limit ke
based on certain factors including equipment acguisition orice,
life expectancy and equipment age. The metholdolgy proposed

in this ceport is applicakle to commercial design support type
equipment and military design carco transport vehicles in accor-
dance with the general guidance given to the Ad Hoc Group on
Repair Expenditure Limits. In addition the methodclegy can
also be applied to any other types of eguipmant or components
thereof where the cost/use relationships regquired to apply the

methodology ccn be approximated with reasonable accuracy.

In developing & methodology compatible with the reguire-
ments set forth in the task order, several conclusions were
drawn with respect to applying a more disciplined approach in
determining equipment life expectancy and economic repair limits.
These are:

1. If equipment life expectancy and economic repair

limits are to be deterrined on & sound economic basis,

cost vs. equipment use or age behaviocr patterns must

be approximated with reasonable accuracy.

11

§ui
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Since cost/use behavior patterns associated wi+n
different types of equipment vary, nc single fornovls
can be applied to all equipments for determining equip-

ment life expectancy and economic repair limits.

Repair expenditure limits should be periodically
re-calculated to reflect changes in cost/use behavior

patterns.

Since the methodology developed in this report repre-
sents a departure from current practices, the prepara-
tion of a handbook for Item Managers should be deferred
until the methodology car be applied to specific
categories of equipment, tested, and the results
compared with the results achieved under current

practices.

B. RECOMMENDATION

It is recommended that the Department of Defense establish

test applications of the methodology proposed in this report

with respect to several selected types of equipment.
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IIX. FINDINGS AND ANALYSIS

A. PRINCIPAL ECONOMIC FACTORS

Four of the principal factors which should be considered

in determining equipment life expectancy ané economic repair

limits are:
(1)
(2)
(3)

14)

Acquisition cost.
Support cost.
Equipment downtime.

Continued use reguirements (or, conversely,

equipment obsolescence).

1. Acquisition Cost

The acquisition cost is the standard inventory price

of a replacement item less the disposal value, if any, of the

item retired from service.

The Ad Hoc Group on Repair Expenditure Limits proposed

that the standard inventory price of a unit of equipment be

defined in a Depart-ent of Defense Instruction as follows:

*The Standard Inventory Price is the pub-

lished inventory unit price which represents

the latest purchase or production cost of

the item including first destination transpor-

tation costs to the user when tne purcaase was

representative as to quantity, terms and other

conditions and which is considered to raflect

the probable unit cost of future procurement.

i3
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For items, not purchased for over three

years, kbut for which new procuremernts are
anticipated in the future,a new inventory
price should be established which represents
the estimated price of the quantities anti-

cipated.”

2. Support Cost

Support cost may be classified into two basic cate-
gories—-operating cost and corrective maintenance cost. Opera-
ting cost includes all those elements of cost incident to the
operation cf the equipment and which occur on a relatively
constant and repetitive basis such as: fuel or power consump-
tion; normal replacement of consumable components such as tires,
batteries, spark plugs, etc.; and normal preventive maintenance.
Corrective maintenance c¢ost includes all those costs incident
to repair of the equipment due to failure or malfunction includ-
ing materials, labor, handling, and overhead burden incurred

. g s 1
at the repair facility.

Support cost is identified in these two categories
because operating cost with respect to many eguipments may be
considered@ to vary at a constant rate with the use of the egquip-
ment, while the rate at which corrective maintenance cost is
incurred generally increases with equipment use or age. In
any event the acgregate support cost will be considered as a

function of eguipment use.

lThe terms preventive and corrective maintenance as used
in the report are in agreement with the basic definition provided
in MIL-STD-778. For a more detailed description of preventive
and corrective maintenance, see LMI Report 65-15, "Criteria for
Repair vs. Discard Decisions, May 1966."
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3. Equipment Downtime

In some cases the cost associated with ejuipment
downtime is significant in determining the economic life of
an item of equipment. Egquipment downtime can result from either
preventive or corrective maintenance. For example, suppose
that a special vehicle has a standard inventory price of $30,00C
and has a normal life expectancy of 20 years. Suppose further
that during the normal sexrvice life the vehicle is inoperative
for an aggregate period of two years because of corrective and
preventive maintenance, and that while the vehicle is inopera-
tive, another identical vehicle is used to perform the intended
function. Thus, one might reason that the acgquisition cost of
the vehicle should include not only the initial purchase price
but a2lso an additional cost of providing a replacement vehicle
during periods of non-operation. It mignt furthexr be reasoned
that this additional cost is to the standard Inventory price
as the downtime is to the operational time during the normal
service life of the vehicle. Thus in the example cited the
additional cost of providing a replacement vehicle during periods
of downtime for corrective and preventive maintenance is $3,333:
and hence, the acgquisition cost to provide 20 years of needed

service is $33,333.

~

It should be recognized that the relationship between
cost and equipment use may vary depending on the preventive
maintenance concept applied in any given case inclu€ing the
extent and freguency of scheduled overhauls. ¥Wwhile the cptimunm
economic life ¢f an item of eguipment can be determined for any
given scheduled overhaul concept, it is best to consider the
total cost associated with different preventive maintenance

concepts before establishing the life expectancy.

EETTI
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ributable to eguipment

e

n some cases the cost

1T}

dowvntime for maintenance may be insignificant, and thus unneces-

sary to consicer in estadlishing eguipment life expectancy. In
other cases Sowntime for msintenance may be considersé to vary
directiy with use of the eguipment. In still other cases,

Sowntinme for maintenance may occur at an increasing rate with
<

i
eGQuipment use. 1In the latfer two cases the cost asscciated
w

ree categories are therefore considered with respect

Th
to ecuipment cCowntime for maintenance in develoring 2 methodol-

ogy for establishing egcuipment life expectancy. These are:

{c) Downlizme for mamintenance occurs a2t an increasing
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is expected to become obsclete after a definite period, continued
use of a particular type of equipment will be considered to be
unending. Thus, use requirements will be specified in one of

two categories--indefinite use or limited use. If the iatte:

is specified, specific limits must be identified; e.g., ten

years, one million miles, sixty thousand operating hours, etc.

5. Allied Considerations

In addition to the principal economic factors described
above, there are a number of other considerations which should
be taken intc account by the Item Manager before establishing

repair expenditure limits. Some of these factors are:

(a) Current and preojected requirements for the

equipment, incl:ding mobilization requirements.

(b) Availability and lead time of replacements for

the item.
(c) Availability or over-stockage of repair parts.

{d) Requirements for, or feasibility of, moderni-

zation or standardization of thke equipment.

(e} TFeasibility of revising current preventive main-
tenance or scheduled overhaul plan in order to

achieve a lower rate of support cost.
(f) Feasibility of obtaining new equipment warranties.
(g) Current and projected depoi workload.

(h) Feasibility of centralized depot repair or

overhanl.

These allied considerations might also impose constraints

on the decision to dispose of a given unit of equipment when the

Bt w vt finyr
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repair cost exceeds the established repair expenditure limit

for that category of equipment.

Jt is not intended that the above areas of considera-
tion represent an exhaustive list of all related areas of ~oncern;
nor is it intended to prescribe a precise method of evaluating
each allied area of consideration. It is rather intended that
the above list illustrates typical allied areas of consideration
which should be taken into account by the Item Manager, where
applicable and to whatever extent is required, before establish-
ing repair expenditure limits for a category of equipment.
Similar allied areas should be considered, where applicable,
with respect to individual units cf equipment of high value
when the repair cost exceeds the established repair expenditure
limit.

B. EQUIPMENT COST VERSUS USE RELATIONSHIPS

In order to determine the equipment life expectancy on a
sound economic basis and the economic repair limit during that
life, certain normal cost/use relationships must be known or

at least be czpable of approximation. These are:
° Support cost vs. equipment use or age.
° Disposal value vs. equipmert .se or age.

° Downtime for mainteraunce cost vs. equipuwent use

or age.

We found in this and previous studies that accumulated
support costs related to specific increments of eguipment age
or use were not readily available with respect to most types of
equipment other than motor vehicles. However, for those equip-

ments where the age of individual units can be identified,
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sufficient cost data are generated in the repair operation to
enable the Item Manager to develop, on a sampling basis, repair
cost/equipment age relationships. Similarily other cost/use
relationships could be developed on a sampling basis, such as
operating costs vs. use, disposal value vs. use, and downtime

for maintenance vs. use.

To illustrate the type of cost/use relationship which
might be developed, we compiled a data sample from the Monthly
Motor Vehicle Operating and Maintenance Costs Report prepared
by Bolling Air Force Base. This report provides actual accumu-
lated repair cost and actual mileage at the end of the reporting
period for individual vehicles. Figure 1 depicts the cost
vs. use relationship for 122 vehicles in the "Light Sedan
Automobile" category. The solid line represents the normal
cost/use relationship and may be expressed, in the illustration,

by che equation:l

~

s_ =76+ (2.2 x 1073t + (1.8 x 107y ¢2

where Sr= the accumulated repair cost in dollars, and

t = equipment use in miles.

Data were also cbtained on a number of other types of
vehicles. Our analysis indicates that nc general equation with
the same coefficients is feasible to satisfy the cost/use
reiationship of even similar type equipments. Although the

cost/use relationships for "Light Sedan Automobiles" and

lThis equation is presented only for illustrative purposes.
The data used were taken from a single source and may not repre-
sent a typical sample. The equation was determined by using a
Burroughs B 5000 computer program that allows curve-fitting on
an arbitrary number of points tc a power series of a variable
number of terms which resulted in an 89.36% Goodness-of-Fit.

Bt o
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"heavy Sedan Automobiles" may be satisfied by the same geaeral
type of equation, the coefficients are unique to each category.
Thus, it is necessary to compile separate data samples for
each type of eguipment fcr which economic repair limits and
equipment life expectancies are desired. However in developing

a methodology it is sufficient to examine only a limited sample.

It shouid be noted that cost/use relationships with respect
to most equipments are subject to some degree of controli. For
example, the extent and frequency of preventive maintenance
actions can be manipulated to control the overall support costs
vs. equipment use relationship. It is therefore important to
recognize that the eguipment life expectancy will tend to
represent an optimum sService life under the maintenance concepts
from which the varicus cost/use relationships are derived.
Applying different maintenance concepts will most likely result
in different values of egquipment life expectancy. The general
approach proposed hersin can, therefore, be used as a basis for
comparing various maintenance concepts in addition to providing

a methodology for establishing equipment life expectancy.

In selecting the curve which satisfactorily approximates
the cost/use relationship for @ given type of equipment, one
should use the simplest form available which will be reasonably

accurate.

Although e=ach type of equipment may have its own unique
set of cost/use relationships, there are several relatively
simple types of equations which would appear to satisfy the
cost/use relationships for most types of eguipment. These

equations are described in Appendix II of this report.
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C. PROPOSED DECISION LOGIC NETWORK

The decision logic network for establishing repair expen-
diture limits proposed herein is compatible with the general
guidelines regarding the purpose, basis, and use of repair
expenditure limits as set forth by the Equipment Maintenance
and Readiness Council.l The Item Manager will develop repair
expenditure limits for categories of equipment under his cog-
nizance and make the results available to field and depo“ repair
personnel for use in determining whether or not a particular
item of equipment is authcrized for repair when it has failed
or malfunctioned. The repair expenditure limits for a specific
type of equipment will identify the equipment and indicate 2
specific dollar limitation on the repair action at various values

of equipment age cor some other measurement of equipment use.

In developing repair expenditure limits, six principal

steps are required by the Item Manager. These are:
Step 1. Classification of Egquipment.
Step 2. Identification of Constraints.
Step 3. Establishment of Equipment Life Expectancy.
Step 4. Establishment of Economic Repair Limits.

Step 5. Evaluaticn of Eccnomic and Non-Economic Factors.

0n
ot
1
o}
[¢))

Estabiishment of Repair Expenditure Limits.

()

*

ice the repair expsnditure limits have been established,

1 . . . .
These guidelines arz set forth in the charter for the Ad

Hoc Group on Repair Expenditure Limits and are re-stated on

Pages 7, 8, and 9 of this report.
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two subsequent steps are required by field or depot repair
personnel in applying the repair expenditure limits. These

are:
Step 7. Estimate Repair Cost and Disposal Value.
Step 8. Make Repair/Replace Analysis.

Figure 2 shows a flow diagram of the decision logic network,
including the use of repair expenditure limits by repair per-

sonnel, which will aid in describing the above steps.

Step 1. Classification of Egquipment

Each type of equipment for which repair expendi-
ture limits are to be developed should be classified into cate-
gories of similar cost vs. use behavior patterns. In order to
do this, certain cost vs. use relationships must be developed

{(Box 1b in Figure 2). It would seem reasonable to expect that

3 certain cost/use relationships associzted with many different

; equipments could be expressed by equations of the same general
form where only the coefficients, constants, or standard inven-
tory price are unique to the particular type of equipment. 1In
such cases, formulae can be developed for a particular category
of equipment which will aid the Item Manager in establishing

equipment life expectancy and economic repair limits.

Some types of cost/use relationships of relatively simple
forms, which are believed to be typical of certain types of
equipment, are presented in Appendix II of this report. These
cost/tse relationships are then grouped into nirne different

categories to illustrate the methodologies proposed in this

R piomr

report for calculating equipment life expectancy and economic

L

repair limits. (See Table 2, Appendix III and Table 4, Appendix
iv.)
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Figure 2 - FLOW DIAGRAM OF DECISION LOGIC NETWORK

FOR_ESTABLISHING REPAIR EXPENDITURE LIMITS
BY ITEM MANAGERS
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In determining the appropriate cost/use relationships for

a specific type of equipment, the Item Manager should perform
the following tasks:

(1) Celect an appropriate unit of measurement for
eguipment use, such as years of ownership, miles

driven, or hours of operation.

(2) Compile a sample of data reflecting accumulated
support costs at various gquantities of equipment
use. The sample size should be sufficient to
cover a reasonable range of equipment use and
extreme variations of support costs within that
range. This type 0”7 data is generally readily
available w.th respect to most types of vehicles.
For other types of equipment, it will probably
be necessary to develop the data sample from
depot level maintenance recoréds on a case-by-

case basis. For new equipments that have no

: historical data available, cost/use relationships
would have to be approximated by analyzing the
design characteristics of the eguipment. 1In

such cases the cost/use relationships approxi-
mated should be reviewed and revised as actual

cost data kecome available.

(3) Using the data sample compiled in Task 2 above,
develop a support cost versus equipment use rela-
tionship which expresses accumulated support
cost as a function of egquipment use. These
cost/use relationships can be determined by

2 applying any of a number of curve-{fitting programs

Ll da )
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. . . . . 1
readily available in most computer libraries.

(4) Repeating Tasks 2 and 3 above, develop cost/use
relationships for a) disposal value vs. equipment
use, ard b) equipment downtime costs vs. equipment

use.

(5) Determine whether the equipment will be used
indefinitely or for a limited period. If the
requirement for the equipment is known to be
limited or if the equipment is suspect of soon
becoming obsolete, then a definite period of use
should be identified. Otherwise, the equipment
should be considered to be required indefinitely.
Where obsolescence is to be considered, the Item
Manager might examine the probability that the
equipment will become obsolete at different
periods {(e.g.., 2, 5, or 10 years hence), and then
iderntify the period of limited usz at that point

when the eguipment is most likely to become ob-

T

solete.

Step 2. Identification of Economic Constraints

] Concurrent with the classification of eguipment
by cost/use behavior patterns, the Item Manager snould evaluate
the current ari projected eguipment reguirements and support
posture for each type of equipment being considered in order to
determine any ecoromic constraints which should be imposed on

the repazir vs. replace decision (Box 2 of Figure 2). Several

1 . R . .

The form of eguation used to describe the normal cost/use
relationship may be any one of those discussed in Appendix II
of this report, or, if more appropriate, it may be of some other
form.

sl )y
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areas are indicated on Page 17 of this report which should be

considered as a minimum by the Item Manager.

Step 3. Establishment of Egquipment Life Expectancy

Applying the cost/use relationships developed in
Step 1 above, the Item Manager will determine for each type of
equipment the normal equipment life expectancy. The methodology
proposed for accomplishing this is described in Section D and
Appendix III of the report. Depending on the nature of the
cost/use relationships, formulae for calculating the equipment
life expectancy with respect to certain categories of eguipment

can be obtained from Table 2, Appendix II1I.

Step 4. Establishment of Economic Repair Limits

Applying the cost/use relationships developed in
Step 1 above, and utilizing . he equipment life expectancy devel-
oped in Step 2, the Item Manager will determine for each type of
equipment the economic repair limit at various ratios of eguip-
ment age to eguipment life expectancy. The methodologv proposed
for accomplishing this is described in Section E and Appendix
IV of the report. Depending on the nature of the cost/tse rela-
tionships, formulae for calculating the eccnomic repair limit
with respect to certain categories of eguipment can be obtained
from Table 4, Appendix IV. The economic repair limit is deter-
mined without consideration of any economic Or non-economic
constraints which might have been identified in Step 2. Thus
the economic repair limit developed here mav nct necessarily

become the repair expenditure limit.

Step 5. Evaluation of Economic and Non-Economic Factors

At this point the Item Manager wil. consideir the

economic repair limit in conjunction with any constraints
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In addition the disposal value of the item in its unrepaired

condition is estimated.

Step 8. Fiela or Depot Level Repair/Replace Analysis

Repair personnel will compare the ectimated
repair cost with the repair expenditure limit for the appropriate
equipment age. If the escimated repair cost is less than the
repair expenditure limit, then repair is authorized without
further a:.proval. 1f not, the decision tc repair .s referred

tc the Item Manager.

D. ESTABLISHING EQUIPMENT LIFE EXPECWANCY

1. De.inition

The Ad Hoc Group on Repair Expenditure Limits proposed

the following definition for equipment life expectancy:

"Life expectancy of an item is the planned
average of the ages uf the individual items
of materiel at the time they probably will

be retired from the servica=."

Th:s Ad Hoc Group definition is not specific with
regard to whether or not the "planned average age" is determined
on the basis of an economic analysis with due consideration given
to equipment obsolescence. In order to Insure inis for the
purpose of establishing equipment life exvectancy we have re-
defined the term to emphasize the goal of achieving arn optimum

economic life. Our definition is:

The life expecvancy of an item cf equipment
is the average amount of use per unit which
will cause a miniwnum total system cost in

fulfiiling a given requirement.
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Total system cost as used in the above definition
includes the cost of acquiring, operating, and maintaining a

number of like items over a specified period.

The amount of use and the requirement for such use is
usually expressed in units of elapsed time such as years or
months. However, in some cases it may be more appropriate to
express the use of equipment in terms of performance delivered,

such as miles driven or hours of operation.

2. Obijective

The objective is to develop a methodology for estab-
lishing the life expectancy of a specific type of equipment
within a specified category of equipment in accordance with the
above definition of equipment life expectancy. The methodology
will consist of (1) mathematical models for calcuvlating the
life expectancy of a given item within a specified equipment
category, and (2) procedural guidelines for determining the
specific equipment category within which a given item of equip-
ment should be classified. The methodology for establishing
equipment life expectancy is intended to be applied by Ifem
Managers within the Department of Defense. The equipment life
expectancy will subsequently ke used as a basis for determining
the economic repair limit for an item of equipment when such

items require repair during the normal life expectancy period.

3. General Approach

The general approach to establishing equipment 1life
expectancy 1is to determine the length or amount of service for
which a single unit of equipment shouvld normally be retained
before disposal in order that the total cost associated with

the usc of such equipment over a specifled period will be
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at a minimum. A mathematical model is developed for this pur-

pose in Appeadix III.

E. ESTABLISHING THE ECONOMIC REPAIR LIMIT

1. Definition

The economic repair limit is defined in this study
as the maximum expense allowed in returning a failed or mal-
furictioned item of equipment back to serviceable condition at
a given point during the normal equipment life expectancy so
that the overall cost of retaining the item does not exceed

the overall cost of replacing it with a new like item.

2. Assumptions

(a) The failed equipment has, up to the time of
failure, followed a normal pattern of cost/use
relationship for the general category of equipment

in which it is classified.

(b) The failed equipment, if repaired, will continue
to follow 2 normal pattern of cost/use relation-
ship for the general category of equipment in

which it is classified.

(c) The failed equipment, if repaired, will provide

satisfactory performance.

(d) The anticipated repair is basically corrective
in nature and is not part of the preventive

maintenance or scheduled overhaul plan.

(e) The standard inventory price of a new item is
the same as the standard inventory price of the

failed item.
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(f) The normal cost/use relationships of a new item
are the same as the cost/use relationships of

the failed item.
(g) A new item will provide satisfactory performance.

3. General Approach

The general approach is to: (1) determine the antici-
pated cost of retaining the failed item for the duration of
its normal life expectancy period, including the cost to repair
the item at any given point during that period; (2) determine
the anticipated cost of discarding the failed item and replacing
it with a new one for the remaining period of normal life ex-
pectancy; and (3) by equating these two costs, determine the
maximum amount that could be expended for a single repair at

a given point during the normal life expectancy period.

F. ILLUSTRATION

A simple hypothetical case is presented in order to illus-
trate the application of the methodeclogy. Suppose that a special
military design caxgo vehicle has a standari inventory price of
$6,000 per unit, and because of its unique application has no
ccmmercial value, so that the disposal valte at any age of the
equipment is equal to the salvage value of its components which
we will suppose is $1100. Suppose further that the vehicle is
assumed to be required indefinitely and that the cost of eguip-
ment downtime is considered insignificant. Finally, suppose
that a data sample of accumulated support cost at various values
of equipment age has been analyzed and the average support cost/

age relationship can be aprroximated by the equation:

S = 100t + 8lt2
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where S is the accumulated support cost and t is equipment age
in years.

Based on the above, the following conditions may be stated:
° Support cost/use relationship: S = 100t + 81t2

® Disposzl value/use relationship: V = 1100

e [owntime/use relationship: D =0

) Equipment obsolescence: 1Indefinite use of equipment.

Referring to Table 1 and Table 2 in Appendix III, the
vehicle in our example is characteristic of Category II for
which a formula for calculating equipment life expectancy has
already been developed, namely:

U-Db
e =\/-————-
c

2

where e = equipment life expectancy

U = standard inventory price, $6,000 in this case
b = constant disposal value, $1100 in this case, and
c, = the coefficient (81) in the support cost/use equation.

The equipment life expectancy in this case solved by the

above equation:

6000 - 1100
e = 81 = 7.7 years

Now referring to Table 4 in Appendix IV, the economic
repair limit for the vehicle in our example can be determined

by the following equation:

2
(ERL) = (1 - x) (U ~-Db) + b - Va
where (ERL) = the economic repair limit
r = ratio of equipment age to equipment life expectancy,

-

anaga
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V, = disposal value of the equipment in its unrepaired
condition at equipment age (a).
In this example Va = b, so that the equation may be stated:

(ERL) = (1 - x)2(U - b)

Applying the above equation the following table can be
developed:

r = equipment age Economic Repair Limit

equipment life expectancy (ERL)
.0 $4900

.1 3969

.2 3136

.3 2401

.4 1764

.5 1225

.6 784

.7 441

.8 196

.9 49

1.0 0

Assuming there are no overriding constraints, the repair
expenditure limits in this example may be established in accor-
dance with the economic repair limits indicated in the above

table.




EXHIBIT A

ASSISTANT SECRETARY OF DEFENSE
Washington, D. C.

Installations and Logistics ‘DATE: 24 October 1967

TASK ORDER SD-271-80
(TASK 68-6)

1. Pursuant to Articles I and III of the Department of Defense
Contract No. SD-271 with the Logistics Management Institute, the Insti-
tute is requested to undertake the following task:

AL TITLE: Guidelines for Making Repair Expenditure
Decisions

B. SCOPE OF WORK: The objective of the task is to develop
a common methodology for the establishment and application of
Repair Expenditure Limits which can be used throughout the Depart-
ment of Defense in making repair versus replace decisions. Three
major segments of the task are:

1) To assemble the data necessary to devzicp the rela-
tionship between the equipment acquisition price, life expectancy,
age, and other relevant factors to the repair versus disposal
decision.

2) To develcp guidelines for establishing the economic
repair limit for an item or class of material based on equipment
acquisition price, life expectancy, age, and other relevant factors.

2) Development of a logic sequence for use by item man-
agers in establishing Repair Expenditure Limits. This decision
process will consider the eccnomic repair limit as a base, but
provide for consideration of additional factors on a systematic
basis.

As a part of this task LMI will ccnsider the need for a
follow-un task to prepare a suitable handbook for Item Managers to
describe tha decision logic seguence. The OSD(I&L) will be advised
as to the results of this ccnsideration.

2. SCHEDULE: This task will be completed approrimately four
months after work is begun.*

s/Thomas D Morris

ACCEPTED s/Barry J. Shillito

DATE October 24, 1667

* Subsequently revised to 31 October 1968

13
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haul of Army Aircraft™ dated February 16, 1962; Change
2 datedé November €, 13962.

750-808, "Maintenance of Supplies and Equipment Repair Limitations
for Medical Equipment”™ &ated April 29, 1360; Change 2
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Repair cf Military Type Transport Vehicles" dated
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1360.

750-2300-11, "Maintenance of Supplies ané Ecuipment Maintenance
Policy for 1/4-Ton Militarv-Type Trucks” dated
February 23, 1962.

710-1, "Surply Control Replacerment Factors for Army Mzteriel
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Ltr, "Replacement and Repair Cuidance, 2nd Life Expectancies
for Ccmmercial Design Vehicles, FSC-2300 Class”™ dated
Octcber 23, 1963.

5-75, "Repair Criteria for Corps of Engin
Special Type Eguipment®™ Change Xo.
Change Xo. 2 dated Decewber 28, 196
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dated April 16, 1963.
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Ltr, “"Military Type Trznsport Vetricle Maintenance Policy" dated
july 1L, 1962.

Ltr, “"Depot Maintenance Policy for Military Design Transport
Type Tactical Suprort Wheeled Moter Vehicles dated Septem-
ber 30, 1%66.

Ltr, "Repair Expenditure Limits, Truck 3/4 Ton, 4x4, M-37-M-43
dated April 14, 1965.

742-2300--1, “Inspection and Classification of Military Type
Transport Vehicles™ dated Jure 25, 1958.
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TZ JXD 245, 'Overhaul Standards Including Test Regquirements for
Tank Automotive Vehicles" dated Cecember 23, 1965,

XavDocks P-300, "Management of Transrcrtaticn Equipment dated
sune 1964.

BuDocks 1120.198, “Autcmctivz Vehicles and Construction Equipment
(Civil Engineering Support Equipment); Mechanized
Processing cf Annual Reviews for" dated October
15, 1963.

BuDocks Inst. 11200.12D, "Automotive Vehicles, Construction, Weight
Yandling and Railway Equipment (Civil Engi-
neering Support Equipmernt):; Administration
and Control cf' dated July 1, 1965.

BUSANDA Instruction 10490.22, "Materials Handling Equipment for
the Naval Shore Establishment and
Land Based Operating Forces; Adminis-
tration and Control of" dated October
22, 1965.

NAVSANDA Publication 289, "Materials Eandling Equipment Maintenance
Manual" dated October 6, 1961.

FuWEPS Instruction 471C.3, "Rework of Damaged Aircraft; Cost Report-
ing Limitations" dated May 15, 1958.

Marine Corps Order 4710.28, "Enginreer Egquirment Repair Criteria”
dated May 11, 1965.

Marine Corps Order 11240.50, "Replacement a—d Repair Guidance and
lLife-Expectancies for Commercial-
Design Motor Vehicles" dated September
12, 19563.

AIR FORCE

AFR 66-27, "Depot Field and Organizsticnal Maintenance Base Selif-
Sufficiency Program” datecd arril 18, 1963.

T.0. 36A-1-70, "Maximum Repair Allowances, Corditicn and Manage-
ment Codes for USAF Vehicles"” dated January 15, 1965.

T.D0,., 1-1-638, "Expeditious Repair and Dispocsal of Aerospace
Vehicles" dated February 23, 1962.
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AFLC Regulation 65-2, "Economic Repair Pclicy and Maintenance
Repair Level Coding” dated June 1964.

DEFENSE SUPPLY AGENCY

DSA Regulation 4145.18, "Utilization, Acguisition, Reporting, Re-
pair a2nd Disposal of Powered and Nonpcwered
Materials Handling Equipment (MHE) and
Storage Aids" dated Novermber 4, 1964.

DSA Regulation 4151.4, "Technical Maintenance Standards for Defense
Supply Agency Items Requiring Depot Mainte-
nance" dated October 30, 1964.

DSA Regulation 4500.6, "Administration, Control and Reporting of
DSA Eguipment” dated August 25, 1966.
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Page 2
vehicles could be approximated by ar =quation of the above type
when n = 2, in which case

S = ¢, t+ c2t2 Eq. (2)

The entire support cost for certain types of eguipment
may increase at a constant rate with use of the equipment. For
example, operating cost rates ray be :zcnstant and worn cut parts
or components may be continually replaced, resulting in a rela-
tively constant correctiv: maintenarce cost rate. In such cases

the coefficient <, may be considered equal to zero, and hence

S = clt Eq. (3)

2. Disposal Value vs. Use

As stated earlier, the acquisition cost of equipment
.: the difference between the standard inventory price and the
disposal value. Thus, the manner in which the dispcsal value
varies with equipment use can huve a significant effect on the
optimum econoric life of the equipment. The simplest relation-
ship between dispcsal value and equipment use cccurs in those
cases where the dispesal value is zonstant. In such cases:

V="> Eq. (4)

where (V) is the disposal value and (b) is a constant.

In many cases, however, the disposal value of a unit of
equipmant will decrease from its standard inventory price (U),
when it is firs* put intc operation, to a constant value or ze-
after some quantity or period of uss {tj. This is shown in
Figure 1 where the value approached is zero. Here the disposal

value (V) may be apprcximated by the general equation:

.
-

- b
+qt

- {C.

j

+ Db Eag. (5)

b

where V = the disposal value after some period of use (t):
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> .
t = 0 = an apprcpriate measure of equipment use, such

as years;

U = the2 standard inventory price cf a single unit of

equiprant;

g = a constant coefficient applicable to a specific

tyvce2 of equipment:

k = a constan exponent of the variable (t) appli-

cable tc a specific type of =quiprent, and

b = th

[{}

mir.imum disposal valve of thz equipment.

e

FIGURE 1 =-- Dispcsal Valus (V) vs. Use (t) when

e it o A b o

Disposal
“"alue

§ U

! Equip. use ‘%)
L i — J.

A spacial czs: cf the abcve esguaticn may satisfy many types
r

cf s2quiprant whar ¥ = 1 ard b = 0; herce under these conditions
S o
7 = T+ as Eg. (6)

The dispceal value indicated by Ea. ‘5; and Eg. (6) is always
de:cr2asing and approaches sor=2 rinr.num value b or zero), but never
actually reeches a r:oninum value. 1In many cases such behaviecr is

suff.-12rtly ascurate to prcvide a practicsl approximation of the
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disposal value at any unit of use (t). However, in many other
cases the minimum disposal value is reached more abruptly and
remains constant thereafter. When such is the case the relation-
ship between disposal va.ue and equipment use may generally be

approximated by taking the following approach.

FIGURE 2 -- Approximation of Disposal Value (V) vs. Use (t)
Between t = 0 and t = tb

Disposal
Value

V)

-

Equipment Use (t)

Referring to Flgure 2, suppose that the disposal value
of a given type of equipment is equal to its inventory price (U)
when it is first put to use and decreases to some constant value
(b) after (tb) years of use. 1n addition, when t = tj, the
disposal value remains equal to (b). The equipment life ex-
pectancy (e) can then be developed without knowing the precise
relaticnship between disposal value and equipment use, providing
e 2 tb. On the other hand, if e<tb, some approximation of the
curve between t = 0 and t = tb is required. This curve might
be satisfactorily approximated by Equation (7) after determining

the coefficient (q) in the eguation:
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vV = (U-b)(tb-t) + b, for t<t ‘
g f ot ! b { Eq. (7)
Vv =>», for t Z tb |
where V = the dispesal value of a given type of eguipment

after (t) units of use;

U = the standsrd inventory price of a given type of

egquipmenc;

t = an appropriate measure of egquipment use, such as

years;

t. = a constant unit of equipment use aftexr which the

disposal valus of the equipment remains constant,

b = the minimum disposal value of the equipment after

tb units of use; and

g = a constant coefficient applicable to a particular

tvpe of equipment.

Since the disposal valuve (V) = U when t = 3, and V = b vhen
t = tb‘ two points on the curve are establisied {see Figure 2).
A third point can be fixed by determining the coafficient (q;
which will satisfy the egquat®ion at a givern value of 0<t <k
Fcx example, suppnse & certain type cf vehicle which initia

cost $10,000 depreciates 25% of jts initisl cost after tne fir

gt

0
X}
M
M
S
]
[
3
Q
n
L%
[N
(]
[so]
1]
*h @
rr
0]
1]

year of use and :ts cGisposal vaiue reaches
10 years of use and remains ccnstant thereafter. Thus
effic_ent for this type 5f vehicle can be detexmined from Eg. ({7}

as followe:
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(10,000 - 200) (10 - 1)

(1 - .25)(10,000) 10 + q(1)

+ 200

2.1

q

Using the calculated value of the coefficient (gqg) for a
given type of equipment, the disposal value of the equipment may
be approximated for all values of (t) by applying Eg. (7). 1In
applying Eq. (7), however, it should be noted that the curve
is only an approximation of the relationship between disposal
value and egquipment use, and, as such, the coefficient (q)
should be determined at that point which will result in the best

overall approximation.

3. Downtime for Maintenance vs. Use

The costs attributable to equipment downtime for main-

tenance may or may not be significant, and hernce may or may not
e corsidered in determining equipment life expectancy. If

such costs are believed to be significant, two cost/use relation-
ships are considered. First, consider the cos: attributable to
downtime for maintenance when the rate at which equipment downtime

coceours is constant throughout the service Life of the eguipment.

Let D = cost attributable to equipmnent downtime due to

maintenance;

13 = the standard inventory price of a single unit of
equipment;

t.E'O = an appropriate measure of equipment use, such
as yeals; and

j = the average ratio of downtime per unit of equip-
ment use.

Thug, jt = the zggregate equipment downtime over a period of
use ().

The additional cost of providing replacement eguipment during
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periods of equipment downtime for maintenance is to the stan-
dard inventory price of the equipment as the equipment downtime

is to the equipment operating time.

Thus, D = “_JET— U
t - Jt
b= —dU_
1-3 Eq. (8)

In many types of equipment, the rate of equipment downtime
increases significantly with equipment use. Thus, as tl 2 eguip-
ment becomes older the frequency and length or the periods of
downtime increase, leading to an increasing value of (D). 1In
such cases, this increase in downtime cost should influence the
decision regarding equipment life e:vectancy and repair expen-

diture limits.

To approximate the future downtime, the nature of the
equipment as well as its past history of downtime should be
considered. In many cases the accumulated downtime (g) over a
period of use (t) may be approximated by the egquaticn:

g = pt® Eq. (9)
where p = a constant coefficient applicable to a specific type
of equipment, and (m) = a constant exponent applicable to a
specific type of equipment. Thus, in cases where the accumuiated

downtime can be approximated by Eg. (9) above:

D G\U

D= U Eq. (10)
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DEVELOPMENT OF MATHEMATICAL MODEL FOR ESTABLl: TNG

EQUIPMENT LIFE EXPECTANCY

1. General Approach

3

The general apprcach tc establishing equipmen. life
expectancy is to determine the length or amount of service for
which a single unit of equipment should normally be retained
before disposal in order that the total cost associated with
the use of such equipment over a specified period will be mini-
mum, Figures 3, 4, and 5 will aid in illustrating the general
approach.

Let C = tctal costs associated with the use 0of a singie

unit of a specific type of eguipment consisting of

acquisition costs (A), downtime for maintenznce costs (D),

and support costs (S); so that

C = A+ D+ S Eg. (1)
Let t = an appropriate measure of equipment use, such
as years, so that each of the elements cf total
costs can be expresscé as a2 function of {t).
Thus,
A=U - Il(t). where U is the standardé inventory
price and f,(t) is the disposal value expressed

as a functiocn of (t):

D= fz(t); and
S = f3(t).
3 Therefore,
g C = ‘é(t) =U - :l(t) + zz(t) + fB(t) anad
c_= fdie) when t = e. Eg. (2)
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FIGURE 3

COST VS. USE OF A SINGLE UNIT COF EQUIPMENT

Total costs (C)
{(C=3a+D+ 8)

Ce F——————— e —

Costs (C)

< Support costs (S)

e

Downtime for maintenance
costs (D)

Acquisition costs (&)

Y L)

L
E
[
1
i
i
1

ct

e = egquipment life expectancy

yuipment Use (t)

FIGURE &

RATE OF COST VS, USE OF X UNITS OF EQUIPMENT
CONSECUTIVELY

e 2e 3e Ne = y

Accumulated Egu:ipment Use (v)




Figure 5

TOTAL COST OF (%} UNITS VS. USE OF PQUIPMENT PER UNIT

C =XC = (N){f, {e))
- - e 4
Total Cost
over y Yearxs
{C)
Y

Minimum

1
L
i
]
i
>

e

t = e = equiprmnent life expectancy

Bguipment Use Per Unit (t)
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Figure 3 illustrates the total cost (Ce) for a single unit

of egquipment when t = e,

oemeny P

Now, let e = eguipment life expectancy of a single unit of equip-

! ment which is to be determined, and

N = the number of units which will be reguired over a

pericd of (y) vears,

so that N = y. Egq. (3)
Let Cy = the total cost over (V) vears,
so that C_ = NC . Eq. (4)
y e

Figure 4 depicts the rate at which total costs associated
with each unit are incurred .f each unit is retained for (e)
number of years, where the total costs associated with each unit

are represented by the area under each respective curve.

Ncw, 1f the total costs over {y} vears (Cy) are plotted at
various values of (t), the curve will show z minimum cost at

some value of {t} as indicated 1in Figure 5. The corresponding

o

value of (t) which results in a minimum value of C.- therefore

s

represents the optimum life expectancy of 2 single unit of eguip-

ment., To determine this point, expresz C as a function of {e):
\

find the derivative of G, with respsct to {e), set the derivativs

egual toc zero and solve for the value ci {ej}.

)

)
[}¥]
n
o
£
{r
(o]
.
)
(vY)
~—
(]
boid
et
(8]
ty
9}
0
P
o
-
"

hus, substituting Eg.

L4 - -
3
C =210 - £ {e; * i_te) = I _te) Eg. {S
v e i Z 3i - =2
where
U = the standard invenaidry price
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fl(e) = the disposal value (V) fl(t) when t = e

fz(e) downtime for maintenance costs (D) = fz(t)

when t = e

f3(e) = support costs {S) = f3(t) when t = e, and

ap<
I

number of units required over a period of (¥y)

years if each unit is retained for (e) vears.

2. Stratification of Eguipment Categories

The general approach for establishing eguipment life
expectancy, described above, can be applied for any given func-
tions of disposal value, downtime for maintenance costs, and
support costs provided such functions are expressed in common
units of measurement of equipment use, and provided the use of
like equipment is considered to be recuired indefinitely. The
eguations resulting from the derivation, however, will be caa-
plex for ccmpliex functions of disposal value, downtime for
maintenance costs, and support costs, and,hence may reguire the
use of a computer for expeditious solution. However, the normal
cost/use ralationships with respect T many :tems o¢f eguimments
should be accurately approximated Iy relatively simple fupctions,

n which case relatively simple ecuations can be developed for

(20

alculatin

N

des:rable o consider several different cost/use functions which
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TABLE 1

CATEGORIES OF VARIQOUS COST/USE RELATIONSHIPS
CONSIDERED IN *EVELOPING FORMULAE FOR
ESTABLISHING EQUIPMENT LIFE EXPECTANCY

CA'TEGORY/DESCRI P TION

Ao

Support Costs vs. Use Relationships

1. 8 = c,t

1l
2 S =c,t +c t2
N 1 2
3. § = clt + c2tn

Disposal Value vs. Use Relationships

1. v=>
U
2. V= 1igt
3. v = (U-b)(tb-t) + b
t, + qt
4., V = AH_:_E% + b
l + gt

Equipment Obsolescence
1. Use of like equipment indefinitely

2. Use of like eguipment limited

Equipment Downtime for Maintenance Costs
vs. Use Relationships

1. D=0

- (72 ;)0

2. D

B ettt ity




TABLE 2

FORMULAE FOR CALCULATING EQUIPMENT LIFE EXPECTANCY (e) BY
CATEGORIES OF VARIQUS COST/USE RELATIONSHIPS

Combinations of
Cost/Use Relation-
Cate-| ships Described in Formulae
gory Table 1 e _=
I Al, Bl, C1, Dl
B2 OC or as long as reguired
B3
U-b
11 A2, Bl, C1, D1 “\/52—
. -\ /U -1
III A2, B2, Cl, D1 EE- g
- {U-by (1+k) _
IV AZ, B3, cl, D1 VAR ig— provided e
ac, %
If e>tb, use
e = —-—g‘b
2
v A2, Bl, Cl, D2 \/“—"—1.:312
(l-])c2
1
n
VI a3, Bl, Cl, D1 —U=Db _
(n-1) (Cz)
1
VII A3, Bl, Cl, D2 I U-{1-3)b
| (1-3) (n-1)c
\ 2
All other combinations e must be calculated for each
VIII .
with Cl, case.
IX Any combination with e Same as the corresponding combi-
Cc2. nation with Cl to determine el.
e Using .é.lll as a basis, determine e,
and es3-
# Calculate and compare Cy when
e = el, 82, and €3.
Note: See procedure described in par.
3, Appepdix IIX, p. 6,
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would otherwise prevail, calculate the equipment life

expectancy if the equipment were tc be used indefinitely.

Then, e = the equipment life expectancy calculated under

the assumption that the equipment will be used indefinitely.

Now, determine the number of units of equipment required

to satisfy a specific use reguirement (y) by the eguation:

if Nl 1s a whole number, then the equipment life expec-

tancy {e) for limited use equipment is egual to e If

l.
Nl is not a whole number, determine N2 and N3

where
N2

Ny

t r :
nearest whole number (Nl, and

nearest whole number }Nl.

Now, calculate e, and e, respectively from the fcllowing

equations:
Y
e = ——
2 N,
= L
e, =
3 h3

The next step is tc calculate and compare the total cost

(Cy) from the general cost equation (Eq. 5) for each value

of (e), that is, fe = eyi ey and e3).
Let C = the total cost when e = e,
Yy 1
C = the total cost when e = e_,, and
Y, 2
C = the total cost when e = €

Y5 3

. S S S S ————————

G T

LY
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Since e, and ey restclt ir 21° units of equipment being

used equally, the following general equations may be used

to calculate C and C" :
2 43 -

Yo €, l( ) 2( ) 3( ﬂ 2°
Y5 e, ¢ ]
C IU fl(t) + fz(t) + f3\t) when t e,.

Since (el) does not result in ail units of equipment being
used equally, it should be assumed that all units except the
last one will be used egually, and the last one will be

used for whatever use requirement remains. Therefore:
Cyl = Nz[U - £ () £(8) + f3“:11]

+ o - £ ie) + 50 + £50e,)]
when t, = e

1 1 and t2 =y - N.e,.

271

Finally, the equipment life expectancy (e) for an equip-
ment which has limited use requirements is egqual to either

e, e, ore

3¢ whichever results in the lowest total cost (Cy)'
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APPENDIX IV

DEVELOPMENT CF MATHEMATICAL MODEL FCR

ESTABLISHING THE ECONCMIC REPAIR LIMIT

1. General Approach

The general approach is to (1) determine the anticipated
cost of retaining the failed it:zm for the duration of ites normal
life expectancy period, inclu?i ; the ccst to repair the item at
any given point during that period; {2) determine the anticipated
cost of discarding the failed item and replacing it with a new
one for the remaining period of normal life expectancy; and (3)
by equating these two costs, determine the maximum amount that
could be expended for a single repair at a given point during

the normzl life expectancy period.

Referring to Figure 6, suppose that the rate at which sup-
port plus downtime costs are incurred is expressed by the equation

c'= £(t) =s' + D'

FIGURE 6

RATE OF SUPPORT PLUS DOWNTIME COSTS VS. USE
OF A SINGLE UNIT OF EQUIPMENT

b —3
Rate of [c f(t gNew }tem
Vb
Support /// /

Plus Down- Pailed 7
time Costs Item\'

7

cl: sl +Dl

\
T N

t=a t=e

Equipment Use (t) '

where (s') and (D') represent the rate at which support and
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downtime costs occur, respectively. Suppcese further that the
normal life expectancy occurs when t = e. Thus, when t = e,
the item would normally be discarded and replaced by a new item
which would result in decreasing the rate of costs {(c'} to the
same value as when t = 0. These costs rates are depicted in
Pigure 6 by the soliid lines. The cycle would normally be re-
peated for as long as the equipment is required.

Now, suppose that the equipment is required indefinitely H
and that a specific item of equipment fails during a specific
life cycle when t = a, as shown in Pigure 6. If the item is
discarded at this point and replaced with a new item, the rate
of costs {(c') will be as indicated in Figure 6 by the dotted
line. 1iIn examining the costs of repairing or discarding the
failed item, 1let

r

i

the costs incurred over the remaining life cycle of
the failed item, if the failed item is repaired at
t = a; and

4
]

the costs allocated to the same period if the failed
item is discarded at t = a and replaced with a new
and idertical item.

in examining the repair costs (CR) first, let

Ma = the costs to repair the failed item when t = a; and
ve = the ultimate disposal value of the failed item or
any identical item at the end of its normal life
cycle {(i.e., when t = e). Thus,
e
+ ] - . ‘3
Ma f c'dt Ve Eq )

a

CR
?_

where-j c'dt represents the remaining support plus downtime
a

costs anticipated throughout the normal life of the failed item.
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But ¢'= s'+ D*, so that
e e
= = - <2 3 + D°* -
Cp =M, -V, Ssdt SDdt Eq. (2)
a a
Row examine the discard costs (CD) and let
V; = disposal value of the failed item in its unrepaired
condition when t = a; and
U = the standard inventory price of 2 new item of equip-

ment.

If the failed item is discarded and a new item of equipment
is placed into service before the normal life expectarcy has
expired, three elements of costs should be considered: 1) the
disposal value of the failed item; 2) the additional acguisitio-n
costs of a new item; and 3; that portion of the new item's sup-
port and downtime costs which should be allocated to the remain-

ing period cof the failed item's normal life expectancy.

The disposal value of the failed item shoulf be determined
on the basis of the salvage value of the item in its unregaired
condition at the time of failure. The disposal value/use rela-
tionship used to determine the normal life expectancy is
generally based on the assumption that the equipment is in
satisfactory operating condition at all times. Therefore, care
should be taken not to apply the normal disposal value/use
function as the only basis of determining the disposal value
of the item in its unrepaired condition. Uniess the actual
value of the item in its unrepaired condition is known, it is
best to assume that the disposal value of an unrepaired item at

any given time of failure is egqual to its minimum salvage value,

{b) or (0).

I

)

!

£
4!

Hi

Vet m‘«rMwamwlum"

el
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The additional acquisition cost incurred in placing a new
item into serxrvice in lieun of retaining the failed ite=m is pro-
portionate to the period of use remaining {e-a) as the life
cycle acquisition cost (U - Vé} is tc the normal life expectancy

period {e). Thus,

e

Additional Acguisition Costs =

jU-v_ 1
{ {e-a)

Misinisnn )

~

It will e ncted from Figure & that while the support andé
downtime costs of 2 new item bestween ¢t = 2 and £t = e are sig-
nificantiy less than such costs if the failed item is repaired
and retained in service for the same pericd, these costs are
incurred at a greater rate after the normal 1ife expectancy periocgd
if the new item is placed into service at £ = a. Since it can-
not be anticipated how often any given itex will be subjected
to a repair/discard decision, the support and downtime costs
associated with a discard decision at t = a should be propor-
tionate to the period of use remaining {e-a) as the total 1ife
cycle support and downtime costs {c') are to the normal life
expectancy (e). Thus,

e
Support and downtime costs =-j c'at le-a)

associated with éiscard e
0
Therefore, the costs associated with a discard@ decision at
t = a may be expressed as follows:

A = (OG- -2y _ +(1 - 2 ' 3
S = (T Ve) 1 e) v 1 e)j'c dat Eg. (3)

But ¢' = s’ + D', so that
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e e

a G a .

-v_iQ - ‘;) v+ {i fs' + (1 - —;f D'at
N ) €0

23. (4)

Let {(ERL) = the econcmic repair limit. xa from Eguation {2)

will equal {ERL) whern CR = C_. Thus, substituting {ERL) for

D

5a and eguating Ts. (2) and 3. (4):

e e
(mu) = w-viI1-3 -v + 1- fs't+1{}> ct] +
e e a e
o] 0o
e e
v - fs'ét~fa'ét
e
a a

- a - < . - . .
it r = ;’, so that substituting and regrouping, the general

equation for calculating the econczic regair 1limit (ERL) at any
equipment age {a) for a given type of eguipment having a normal

life expectancy {e) is:

e e e e
fERL) = {1-r)} G-V +js‘&t + In'at] - rs'ét - D'égt +V -V
e J e a

o (o] a a

where U = the standard inventory price of a given type of eguip-
ment,
V = the normal disposal value of a2 singie unit of eguip-

ment when the eguipment has reached its normal 1ife

ot

V_ = the dispssal value of a particualr iten of eguiprment

v
'

in its unrepaired condition st eguipment age {a).
s* = the rate at which operating and maintenance costs

are incurred expressed as a function of eguipment use {t}.
D* = the rate at which downtime for maintenance costs are

incurred expressed as a function of eguipment use (t};

SRR
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[ 4

and

“
"

the ratio of eguipment 2ge o eguipment 1ife.

3. Eocncomic Repair Limit by Eguizsment Catedcgories

cust as the formuiae Tor caiculating eguipment 1ifs
expectancy varies for different cost/uss relationships, the
formulze for calculating the econcmic repair Zimit also varies

for different cost/use relatiomnships. Tabie i, Appendix IIT

irdicates certain cosz/use reiatiornships which micht e con-

- -

.
sidered in developing formuias for Setermining ecuizment 1ife
€xXpectancy -l These same cosi/use relaticnships will dbe con-
siderec in Seveloping formulae Zfor calculating the economic
repair 1imit. It will be convenient, however, to describe

the cosi/use relationships of Table 1 in terms that are
aporopriate for applicaticn in the gemeral eguaticn for cal-
culating the economic repair 1ixmit. Thereifcre, Table 3 is pre-

nted for this purisse.

8

Formulae Tor calcumiaiing the economic repair 1imit are

veloped in Appendix ¥I for each category of cost/use de-

i &

havioy pattern that lends itseif to 2 relatively simoie

Serivation. Table 4 szmarizes the resuirs and indicaties

-

thoce catecgoriss where no sixmpie ooomia is possibie.

1’v.“'zaese costfuose relsticnshi are discussed in scoe
G=2tail in Zooendix IT.
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TABLE 3

CATEGORIES OF VARIOUS COST/USE RELATIONSHIPS
CONSIDERED IN DEVELOPING FORMULAE FOR
ESTABLISHING ECONOMIC REPAIR LIMITS

CATEGORY/DESCRIPTION

A. Support Cost vs. Use Relationships
|
lo S - Cl

2. s'

c1 + 2c2t

..C t(n-l)

3. s' =¢ C,

B. Disposal Value vs. Use Relationships

1. Ve =D
_ U
2. Ve T 1+ ge
5 v = (U-b)(tb-e) + b
* e tb + ge
4, Ve = __E_:~EE- + b
1l + ge

C. Equipment Obsolescence
1. Use of like equipment indefinitely

2. Use of like equipment limited

D. Equipment Downtime for Maintenance Costs vs. Use Relation-
ships

2o =) ()

3. D'=(———-P———-mU ) g (m-1)

m
e - pe

P s e e e e ~

B R Iant




e
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TABLE 4

FORMULAE FOR CALCULATING THE ECONOMIC REPAIR LIMIT (ERL) AT
VAZRIOUS RATIOS OF EQUIPMENT AGE TO EQUiPMENT LIFE (r)
BY CATEGORIES OF VARIOUS COSTS/USE RELATIONSHIPS

Combinations of
Cost/Use Relation-

Cc2

Cate~| ships Described in Formulaa
gory Table 3 (ERL) =
I Al, Bl, ¢i, D1l
B2 U-v
B3 a
11 A2, Bl, Cl1, D1 (l—r)Z(U—b)+b~Vé
III a2, B2, c1, D1 (1-r) 2+ (3-20)VS27 | -x (l-r){ °2\-va
a |22
v A2, B3, cl, Di (1-1) (U-V_-c_e’r)+V -v
e 2 e "a
U-b) (tp-e)
NOTE: Vé: ¢ S b +b; see Table
ptae 2, Appen-
dix III
for value
of (e)
v a2, Bl, €1, D2 (1-r) (U-b)-(1-x) (r) 1U ~b| +b-V_
=3
VI A3, Bl, 1 U 1 or’ b-V
19y ) 1, bl et -1 - e +b-
C - (1-r)( D)( (n-1) (1-r a
n
VIiI - - - E St o
A3, Bl, Cl1, D2 (1-x) (U b)(l =m0 (1-:))
n
- dbfr-r ) 4 4. vy
(1-3) (n-1) a
VIII |All other combi- (ERL) must be calculated for each
nations with C1 case
IX Any combination with (ERL) must be calculated for each

case
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APPENDIX V

ST

1 CALCULATION OF EQUIPMENT LIFE EXPECTANCY (e)
UNDER SPECIFIED CONDITIONS

Lo ]
"

CATEGORY : Al, Bi, C1, p1

GERERAL EQUATION: c, = N{U -V +D+ s]

1

CONDITIONS: N = %

w
|
0

-

i CALCULATION: C = i{u -Db + cle] where U>D

U -Db
3 de e

4

B
]

o

3 a‘;y' to find value of e when CY is minimum

2
&
»
"
o

R

[Fe——

i
. S
:
]
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e
IS
£

-

CATEGORY:

Al,

B2,

GENERAL EQUATION: Cy =

CONDITIONS:

CALCULATION:

Thus,

N=1Y
e
_ U
v 1 + ge
S = cle
D=0
¥ U
= - +
Cy o U 1 + qe cle
___vau
Cy 1 + ge ¥<
2
ac. _  yaq‘u
EZX (1 + ge)?
ac .
Let y = 0 to find value of e when C
de 4
yq2u
— 2= 0
(1 =ge)
e =0oC

cl, Dl

<

N[U—V+D+é]

_APPENDIX ¥

Page 2

is minimum




APPENDIX V
Page 3
CATEGORV: al, B3, Cl, Dl
GENERAL EQUATION: Cy = N{U -V +D+ S}
CONDITIONS: N = ﬁ
s L
tb + ge
S = cle
D=0
(U - b) (tb - e)
CALCULATION: c =YX |u - - b+ c.e
y e t. + ge 1
b
where U > b and g> 0
_y{u-v{1 +4qg)
CY - tb + ge * ycl
gc = - yaUu -—Db) + q)
2
. (t, + qe)
ac 3 . ..
Let y = 0 to find value of e when C 1is minimum
de ¥
] - +
Thus, yg(t - b) (1 + g)_ 0

2
(tb + ge)

B it L iR




CATEGORY:
GENERAL EQUATION:

CONDITIONS:

CALCULATION:

Let dcy

2
c.e + c_e
0

2
24 U-Db+c.e + c_e |where U>b and
e 1 2
c2>0
y{(U - b)
- +YC
e2 2

0 to find value of e when Cy is minimum
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[Urpe—

GENERAL BQUATION: C

CONDITIONS- N

CALCULATION: C

ac
A
de

Let dcx
de

Thus, (1 + qe)2

APPENDIX ¥
Page 5

CATEGORY: A2, B2, Cl, Dl

=N[U-V+D+S}

= 0 to find value cof e when Cy is

minimum

Pt eiiin ol




vy

‘.4

t -

CATBGORY:
GENERAL EQUATION: Cy

A2, B3, Cl, D1

= N EU -VvV+D#+ é]

CONDITIONS: N = ﬁ
(v - b)(tb - e)
v = + b
tb + ge
= +
S cle cze
D=0
(U - b)(tb - €)
CALCULATION: c =¥ |y - -b+c,e+c.e
Y e tb + qe 1 2
y{U -Db)(1 + g
= + +
Cy t, + ge ¥e, T ¥ey€
b
- 1+
gc = - yg{U - b) ( a . ye
de b
Let dC = 0 to find value of e wvhen C 1is
—Y Yy
de minimum

g{U - b)(1 = g)

2
£ + =
Th:'s, (tb ge)

_Jw-pnu+qg

e
hp
ﬂbﬁ

'y




[UR——

CALCULATION: c

de

de

Thus,

Let dcx

e

=N [?'a V+D+ %ﬂ

CATEGORY: A2, Bl, Cl, D2
GENERAL FQUATTON: C,
CONDITIONS: N = 5
V=>»
2
S = c,e + ¢c_e

U
=-7 (l i b) + ye,

2
e

= 0 to find value of e when Cy is

minimun

)
T - b
=3

€2

lu- - 9»
(1 - j)c2

! [ (U A
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CATEGORY: A3, Bl, Cl, D1
GENERAL EQUATION: C = N U-VvVv+D+ S]
y |
CONDITIONS: N = 5
V==~%0
n
= +
s cle cze
D=29D
v nl
CARLCULATION: cC == U -Db+c,e +c.e
b4 e 1 2
ac y{U-b . - n -
y=""">5 + {n - i)ycze
de e
ac . - - .
Let v = 0 to £find vaiue 2f e when C_ is
de .. y
minisum
Thus, en = v-5b

{n - 1)c2

u-b\

{in - l)c




A3, Bi1, Ci,

CATEGORY:
I. IETI -

tﬁ-?*&D&-S]
L ]

[ Lo

CONDITIONS:

o <

-

i

o |<

by

AR i

AN

(T [~

SR W
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IPPERDIX VI

CALCUIATICSE CF ECONOMIC REPRIR LIMIT

ONDER SPECIFIED OCNDITIGHES

QENERSL AT A0 e e e
{=ri) = {i-z} 3(%‘-';3 + {S’ gt & E}'ét}- s

i - 3
Eo o 2

COEDITICKS: 5t = ci

p-

{5-v ) + c_ e
e

| |
i-{'z;—? Yy + ¢ e} ~ c;e{‘z- g‘} 2
Lo T e

{(=RL} = 12
i
2 .
2t : = ¥, sSp thnat
{z27) = {i-7}{8-¥% + ¥V - ¥
3 {1-7){& e) - 5

bud

e L=
- I PR { G 2w
o 2
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Page 2
CATEGOI: A2, Bl, Cl1l, Dl
GENERAL EQUATION: e e e
(ERL) = (1-r) {(U*V ) +[S dt +[D dt] - |8'at - [ p'dt + Ve - Va
(o] a a
CONDITIONS: S' = Cl + 2c2t
D* =0
Ve = b
- e - e
(ERL) = (1-r) |(U~V) +J[(cl+2c2t)dt -Jf(cl+2c2t)dt +V_ -V
L. (e} J a
i 2- [ 2 2
(ERL) = (1-rx) U—Ve + c,e + c, e - :l(e-a) + cz(e'—a y| o+ Ve - Vé
i 2] [ 2, 2
(ERL) = (1-1) |[U-V_ + cie + c,e” | - tle(l-r) be,e”(1-r)| + v -V
L J
v

(ERL} = (1l-r) [U~Ve - czezr] + Ve -

But e2 = Qih from Table 2, Appendix III; and Ve = b, so that

2

(ERL) = (l-r){U-b - (U~b)r] + b-Va

(ERL) = (U-b) (1-1)2 + b-v_

i

SMx weo ety




GENERAL EQUATION: e e

e e
(ERL) = (1-r) [U-Ve +J[é'dt fjfn'dt] —Jfé'dt - [prat + v - v,
o] a

(o]

E - APPENDIX VI
1 Page 3
CATEGORY: A2, B2, Cl, D1,

CONDITIONS: S' = ¢, + 2C,t
D' = 0
.

e 1l + ge

_ _ _ 21 _ - _ 2__2 _
{(ERL) = (1l-x) [U Ve + c,e + c,e } [El(e a) + c2(e a ﬂ + Ve Va
3 .
(ERL) = (l-1) [U—ve - c2e rl.+ Ve- Va Eq. (1)
Ve = U for this category of equipment, and
l+ge
2 =4fU -1 for thi§'category (from Table 2, Appendix III
c, q
Thus,
c,U
ve=_"_=¥2
q fo q
c2
?= Y - _i \/_H + iz
<, q c, q

Substituting for Ve and e2 in Eqg{1l)

C2 q

\

1
(ERL) = (1-xr) |U ~ “CZU - C,yr (U -2 /U +1 J + VCZU - v
qd V c, 2
: q

(cont'd)




(ERL)

(ERL)

(ERL)

(ERL)

(ERL)

(l—r)[U-«czu - rU + 2r¢c20 -roec

<, ¢V _2] +\[c20 -V

2 2
q q 2 q
(1-r) [U(l-r)—(vi ) (1-2r) - r %2 +V U _

: 2 q
q q J q

1-r)2 v - (1-1) (l—2r)( (°2Y |- r1-n) ©2 L VU

q @ 9

(1-r)% v + (3r-2r2)( SVl r1-r) 2 - v

L
M

(o]
0

(1-r)° u + r(3—2r)(\/fz_’- r(1-1) .
q 2

APPENDIX VI

Page 4
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APPENDIX VI
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CATEGORY: A2, E3, Cl, Dl
GENERAL EQUATION: e e e e
(ERL) = (1-r) [U - v, +[S'dt + fD'dt] —fS‘dt - |D*'dat + v, -V,
J
o a a
CONDITIONS: St = Cl + 2c2t
D* =0
(U~b)(tb-e)
Ve © t. + ge + b
e b q
(ERL) = (1-xr)|U-V + c.e + ¢ e2 - Je.(e-a) + ¢ (e2-a2) +V -V
e 1 2 1 2 e
| 2‘ a 2 a2
= - -y 4+ + - - = - -5 + -
{ERL) (1-r) {U Ve c,e c2e cle(l e) c e (1 e2) Ve v
a
But Z’= ¥, so that

2
(ERL) (1-xr) U—Ve - c.er| + Ve -V

2 a




APPENDIX VI

Pag: 6
CATEGORY: 22, Bl, Cl, D2
GENERAL EQUATION: . . .
(ERL) = (l—r)[U-Ve + |8*dt +¥[D' f] -[S'dt - fD'dt + V - Va
o o a
CONDITIONS: s' = Cl + 202t
= U
3 =] —— —
? ( 13)”
v =Db
e
... e
__3v
(ERL) = (1-r)|U - b + [(c; + 2c,t)at + (l-j)efdt - (e *2e ) at
o o a
e
- —JU—f gt +b -V
(1-3)e a
a
[ 2 2 2
(ERL) = (1-r)|{U - b + c.e + c,e + jU ~-lc.{e-a) + c (e - a")
1l 2 : 1l 2
1~-3
iU iUa
- + + -
1-5 T(1-91e " P " Va
(ERL) = (1-r){U - b + c.e t C 2+ ) e(1- & - 2h- 23
©1 2 1-3 ©1 e T C2° 2
L (- 4+ p-v
1-3 a
a
But r = ; so that
(ERL) = (1-1) S )
2 J a

l_.
But €2 = U-(1-j)b

(1- ])C from Table 2, Appendix III so that

(ERL) = (1-r) (U-b) - (l—r)(r)(z%g - b) +b -V,

FFl Do by
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Page 7
CATEGORY: A3, Bl, Cl, Dl
GENERAL EQUATION:
e e e
(ERL) = (l-r)[U-V +_/S'dt + rD'dt] - |S8'dt - |D'dt + VvV -V
e J ; e a
o o a a
CONDITIONS: S* = c, + nczt(n'l)
1
D' =0
= b
r~ e i
n n n
= - - + + - - + - + -
(ERL) (l1-n)|U Ve c,e c,e cl(e a) c2(e a) Ve Vé
] n- a n a”
= - - “+ “+ -_ - - - 1 4 -
{ ERL) (1-v) iU Ve cle cze cle o cze 1 en Ve
a
But ; = r so that
n l-r(n-l) ]
= - - - _— + -
{ERL) (1-r) |U Ve c,er 12 Ve Va
n U-b .
But Ve =band e = o1 (e) for this category from Table 2,
- 2

Appendix IIXI. Thus,

(n-1)
_ _ _ _{(U-b)xr {1-x _
(ERL) = (1-r) |U - b ~ = = ( - +b -V
r-r"
(ERL) = {(l-r) (U-b) (L - Y;:ITTE:;T + b - va

v
a
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CATEGORY: a3, Bl, Cl

GENERAL EQUATION:

(ERL)

= (l-r) [U -

CONDITIONS: S' = ¢y

s

(ERL)

(ERL)

a
But e

(ERL)

But Ve = b, and en =

(ERL)

(ERL)

I}

J =
Vo = b

(1-) {U - Ve

. a
_%g%l-a) +

(1-xr) {U - Ve
. a,

- !U (l- EJ +
1-3

r so that,

(1-r} [U - Ve
{
(1—r)[ﬁ-b -

{1-r) (U—b)cl-

., D2

e e
Ve +ij'dt +JrD'dt] -
le} Te}

(n-1)
+ nczt

n
e + c,e” +

tc 2

Ve— Va

+ Cl 2

-3
Ve Ja

2 l-r

U-(1-9)b

1-j)(n—1)c2

18]

e e

a 2

i-3

—(n-1)
- c.ePr (i X

v

no, 3wl S nfy- 2_
e + coe + l-j} cye(1-2) c,e (1 .

Appendix III.Thus

(U-{1-3)b) (r) (1-r (B~1)
(1-3) (n-1) (1I-1) + b -~ v,

n
r-r

_jb(x-™)

(1I-37 (n=1) (1=t

(1-3) (n-1)

+

APPENDIX VI

Page 8

l_,] - [cl(e-a) + c2(en-an4

n

for this category from Table -2,

")

s'dt -/ p'dt + v.- v
e a

Tl
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